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This paper discusses the advantages and disadvantages of different conservation treatments 
that have been developed over the years to protect the lead cultural heritage.  The chemical 
and aesthetic points of view are looked at. 
 
1. Composition of lead artefacts 
Lead is easily alloyed with other metals to form alloys with low melting points which are 
soft and malleable. These alloys are easily formed into artefacts by casting, hammering, roll-
ing, extrusion, or a combination thereof and it is simple (neglecting environmental concerns) 
to recover the material for re-use. 
The alloy properties of depend on their chemical composition and microstructure. Regarding 
composition, antiquities are generally made of impure lead. Since the most frequently asso-
ciated elements have a very limited room temperature solid solubility in the face-centered 
cubic lead structure (e.g. antimony < 0.01% [1], silver 0.02% and copper 0.005% [2]), a 
small concentration of these will exceed the solubility limit, and a new crystalline phase will 
be formed, changing the properties [3]. One of the exceptions is tin, which is soluble in lead 
up to 19.5% [4]. 
Knowing this, it is interesting to examine general tendencies in the lead content of old lead 
artefacts. Figure 1 shows the statistical distribution of lead artefacts according to their lead 
content; three main groups are discerned. Most of the objects are considered ‘pure lead’ 
because they have a lead content higher than 80%. Most of the artefacts contain other ele-
ments including copper, antimony and silver precipitating as a second phase (see phase β in 
Figure 1a). A second group with artefacts containing about 40% lead are characterized by a 
low melting point. The metal is composed of dendrites of a lead-rich α phase surrounded by 
M. De Keersmaecker et al. 
 216
the eutectic α + β phase, rich in another element (see Figure 1b). The last group contains 
alloys with lead quantities lower than 30%. The lead is added in low quantities to improve 
properties for casting and machining. Once again, the immiscibility between the elements 
ensures the dispersion of lead rich fine globules in the alloy matrix (see Figure 1c) [5]. When 
studying lead artefacts, the most frequently used alloys for lead are lead-tin, lead-antimony 
and copper-lead alloys. Lead is alloyed with tin to boost its corrosion and resonant properties 
explaining the use in the production of organ pipes. Antimony is added to increase corrosion 
resistance and hardness as can be seen in a huge amount of printing letters that are kept at 
the Museum Plantin-Moretus in Antwerp [6]. During the Greaco-Roman Age, 6 to 8% lead 
was added to copper, bronze (lead bronze) and brass, improving the machinability and casta-
bility of the metal for the manufacture of coins and statues [7]. 
 
 
Figure 1. Distribution of lead artefacts according to lead content adapted from [5]. Three compositional 
groups: (a) high lead content, the structure of which consists of a lead-rich matrix (α) with precipitates of a 
second phase, minor-element-rich (β); (b) intermediate lead content, corresponding to low melting-point al-
loys, used in the as-cast condition, revealing lead-rich (α) dendrites in a eutectic matrix (α+β); (c) low lead 
content, exemplified by copper-based leaded alloys, where lead is segregated in the form of fine globules. 
 
2. Deterioration of lead artefacts 
 
2.1. Uniform corrosion of lead artefacts 
Corrosion is defined by the IUPAC as “An irreversible interfacial reaction of a material 
(metal, ceramic, polymer) with its environment which results in consumption of the material 
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or in dissolution into the material of a component of the environment. Often, but not neces-
sarily, corrosion results in effects detrimental to the usage of the material considered. Exclu-
sively physical or mechanical processes such as smelting or evaporation, abrasion or me-
chanical fracture are not included in the term corrosion” [8]. Interaction with compounds in 
the environment can be devastating for all lead objects. In general, we distinguish two types 
of volatile compounds uniformly corrosive towards pure lead: inorganic and organic com-
pounds. 
 
2.1.1. Inorganic compounds 
Studies on the degradation of pure lead were initiated by Vernon in the 1920s [9]. It was 
established that moist air forms a native lead oxide following a reaction with atmospheric 
oxygen. Depending on the temperature and relative humidity of the environment, a water 
layer starts forming on the metal surface, which then serves as an electrolyte and plays a 
crucial role in the lead corrosion process. Another problem is air pollution because the aque-
ous electrolyte provides a medium for the dissolution of a whole range of atmospheric gasses 
[10]. The formation of a tightly adherent lead oxide layer and, for example, the dissolution 
of atmospheric carbon dioxide in the aqueous electrolyte opens the path for the formation of 
lead corrosion products like cerussite (PbCO3), hydrocerussite (Pb3(CO3)2(OH)2), plumbo-
nacrite (Pb10O(OH)6(CO3)6) [11]. Depending on the composition of the environment, other 
atmospheric corrosion reactions are possible such as the formation of lead sulfate crystals 
because of the presence of carbonyl sulfide (OCS), hydrogen sulfide (H2S) and sulfur diox-
ide (SO2) gas [12]. Looking at the atmospheric corrosion of lead in a marine environment, 
consisting of mainly chlorides, we see the formation of lead chlorides (cotunnite – PbCl2) 
together with traces of moderately to poorly soluble lead hydroxychloride (laurionite – 
PbCl(OH))corrosion products [13]. An example are lead shots covered with protective layers 
of various insoluble salts found on the Mary Rose, considered to be complex mixed basic 
salts, impure and/or compounds [14]. Because these products are not soluble in water, a 
porous coating gradually protects the underlying bulk lead metal against further corrosion, 
which means that the corrosion process is anodically controlled [15]. This protective layer 
is the main reason why, in general, lead artefacts have been preserved so well through the 
ages [16]. Industrial waste gas emissions containing nitrogen oxides, NOX, yielding nitric 
acid through the reaction with water, are very corrosive for most metals, but also for lead. 
Lead nitrate corrosion is not found as a consequence of its high solubility in water [17]. 
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Figure 2. The lead solubility rate as a function of different inorganic acids and hydroxides adapted from [5]. 
 
To conclude, we can state that lead is quite actively corroded by corrosive gases and that 
many different lead salts are formed depending on the characteristics of the environment. 
The corrosion rate is a very important factor to decide which products will arrest the destruc-
tion of lead metal samples. In this respect, we show in Figure 2 the rate of lead solubility as 
a function of different inorganic acids and hydroxides. It is clear that the solubility and sta-
bility of the corrosion product play a crucial role, which means that environments containing 
nitrates and organic acids are most corrosive towards lead [5]. Next to the environment, 
corrosion depends on a variety of factors such as inclusions, surface imperfections, differ-
ences in the orientation of grains, lack of chemical homogeneity, and localized stresses [18]. 
 
2.1.2. Organic compounds 
Volatile organic acids have long been known to be corrosive to lead. The most aggressive 
are acetic acid and formic acid, which form readily soluble lead acetates and lead formates. 
The lead metal is continuously attacked by organic acids, creating a uniform corrosion pat-
tern [5]. Often, this kind of atmospheric corrosion is noticed when lead is in the presence of 
wood, but also varnish or paint [19]. 
A group of hemicelluloses found in the plant cell walls of wood are called xylans, which are 
polysaccharides made from xylose units. Depending on the type of wood, the xylan content 
differs from 10-35% in hardwoods and from 10-15% in softwoods. Moreover, on average 
every second xylose unit is acetylated in hardwoods, which is not the case for softwoods. 
Deacetylation of these hemicellulose xylan acetyl side chains produces acetic acid [22]. For-
mic acid, on the other hand, arises from the degradation of furfural derived from the dehy-
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dration of xylose [23]. This means that the degradation kinetics depend on the relative hu-
midity and temperature, and that the amount of corrosion depends on the wood type used. 
Table 1 mentions different wood types according to their harmfulness towards lead metal 
artefacts. Some wood types are more corrosive towards lead depending on the emission of a 
variety of acids, aldehydes and other degradation products [24]. Oak often is used to make 
windchests or wooden organ pipes. Hence, based on Table 1, we can easily explain why 
organ pipes deteriorate so rapidly [25]. 
 
Table 1. Wood types harmful for lead metal artefacts [19–21] 
VERY HARMFUL 
unseasoned oak (white and red) sweet chestnut plywood and chipboard 
fire-proofed woods teak rot-proofed woods 
MODERATELY HARMFUL 
seasoned oak birch larch 
beech ash red cedar 
LESS HARMFUL 
Honduras and African mahony elm douglas fire 
ramin pine obeche 
 
 
Figure 3. A schematic representation of the atmospheric corrosion processes on lead in moist air containing 
acetic acid vapour (based on [26]). 
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Even low concentrations (170-1100 ppb) of acetic acid in moist air are extremely corrosive 
to lead as found by Niklasson et al. [26], explaining the rapid lead deterioration. The acidity 
and the high solubility in water of gaseous organic acids are interpreted as their most im-
portant properties for lead corrosion. Dissolving into the aqueous electrolyte, acetic acid 
ensures a decrease of the pH value, which results in the dissolution of the native basic PbO 
layer [27] explained by 
PbO (s) + 2	CH3COOH (aq)	 ⇆ Pb2+(aq) + 2	CH3COO-(aq) + H2O	 
This simple acid-base reaction triggers the electrochemical corrosion process that generates 
ions producing new solid lead corrosion products as shown in Figure 3. The liberation of 
acetic acid causes a continuous metal corrosion in an auto-catalytic way explaining the large 
amount of corrosion by small amounts of acetic acid [5]. Low formic acid concentrations 
(160 ppb) are also very corrosive towards lead, but less effective than acetic acid. The lower 
solubility of lead formate in water and the difficulty in forming lead complexes explain why 
this acid is less aggressive compared to acetic acid [28]. To demonstrate that the combination 
of lead metal with wood, varnish and/or paint is very common, two examples are briefly 
discussed below. 
2.1.2.1. Organ pipes 
In the 1990s, some organs made in the 15th-17th century which originated from different 
European churches started to lose their specific sounds. Metal conservators established that 
the air escaped through small holes in the metal organ pipes [29]. Furthermore, they discov-
ered the sudden appearance of white chalky residue all over the pipes' interiors that eventu-
ally worked its way through to the outside in small localized spots. Mostly, this type of 
corrosion takes place on the inside and outside of the foot of the organ pipe where the pipe 
is in contact with the wooden windchest. When the corrosion moves upwards along the pipe, 
the mouth of the organ pipe is damaged. First, the sound quality will change, and after a long 
exposure the pipe will not produce any more sound [30]. At this point, the damage is irre-
versible and untreatable. To help solve the widespread problem, a team of metallurgists, 
chemists, organ makers and music historians started the European  research program 
COLLAPSE (Corrosion of Lead and Lead-Tin Alloys of Organ Pipes in Europe) (EC 5th 
Framework Programme: Energy, environment and sustainable development) to monitor and 
study the climate conditions close to the pipes [31]. Two causes for the corrosion were [32–
34] 
- central heating increases the temperature and relative humidity and favors the conditions 
for corrosion.  
- the separation of organic acids by the hydrolysis of wood in the organ's wind chest is a 
consequence of changes in the churches' atmospheric air.  
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Both causes are part of the problem, but the second one has a higher impact on the corrosion 
process, as described by T. Clarke [29]. Conservation scientists believe that close to the 
wooden parts, an acidic microclimate is created in the windchest. The acetic acid concentra-
tions can range from 0.04 to 2.4 ppm in pipe organ wind chests [35]. It is important to men-
tion that organ pipes alloyed with tin showed less corrosion [31]. 
2.1.2.2. Museum storage and display cases 
Often, wooden construction materials detrimental towards artefacts stored inside are used 
for building storage and display cases [36–38]. It is also possible that two artefacts stored in 
one case are corrosive towards one another [39–41]. The fact that the artefacts are stored in 
a closed environment without ventilation, allowing the organic acid concentration to rise 
quickly, increases the corrosion rate. High concentrations in the range of 0.05 to 40 ppb can 
attack and corrode the lead artefacts. In trying to prevent the release of organics or the de-
velopment of rot, coatings are applied to seal and protect the wood surfaces of case interiors. 
However, many problems have been reported using this ‘solution’, depending on the choice 
of sealant or paint [42]. Due to their own volatile content, many coatings are themselves 
dangerous to the artefacts. In Table 2, we sum up possible destructive coating materials for 
pure lead and lead-alloyed artefacts. Browsing conservation literature indicates that many 
myths and contradictions regarding the choice of sealant are still prevalent [24]. Mainly 
metal artefacts are susceptible to this kind of corrosion. However, paintings filled with metal-
containing pigments clearly show the same problems [43]. To be complete, the organic acids 
produced by the museum visitors also must be considered. Due to the incorrect use of wood 
and wood coatings together with exposure to anthropogenic gases much of our cultural her-
itage has disappeared or deteriorated. It is therefore necessary to find protection against the 
formation of lead corrosion products, which cause the destruction of heritage lead [11]. 
 
2.2. Localized corrosion 
The microstructure and composition of lead artefacts create active and passive regions on 
the surface, which has an enormous effect on the corrosion behaviour. For example, an ex-
isting passivating layer (due to atmospheric corrosion) can be locally disrupted, making  ex-
posed areas more vulnerable to specific types of corrosion. Below, we will briefly discuss 
three types of localized corrosion on lead artefacts: intergranular, pitting and selective cor-
rosion. 
 
 
 
M. De Keersmaecker et al. 
 222
Table 2. Paints, glues and other materials destructive to lead metal artefacts [20,24,44] 
PVA glue some types of wallpaper contact cement 
velvet plastic wood burlap 
some types of polyesters rust inhibitors some types of varnishes 
some types of plastics some types of dyes jute 
low quality paper and card-
board 
flame-proofed fabrics and 
wood 
products to treat rot and/or 
insects 
oil-based stain vermiculite some kinds of wool 
unwashed pebbles and sand some types of silicone ad-
hesives 
vinyl 
products containing ammonia vinegar-based products some types of paints 
 
2.2.1. Intergranular corrosion 
In a polycrystalline material, intergranular corrosion starts at preferred sites along the inter-
face between crystallites, called the grain boundaries. These grain boundaries show a higher 
density of imperfections in the crystal structure, resulting in a more disordered system. 
Therefore, they have a higher entropy and thus a higher energy, which means that they be-
come more anodically reactive than the core of the grains in certain environments [45]. The 
resulting localized attack creates electrolyte penetration and further corrosion at boundaries, 
which can cause weakening of the metal structure. There is almost no perceptible destruc-
tion, but the metal's properties such as ductility and strength decrease and production of 
debris increase very rapidly [46]. The corrosion rate depends on the morphology or shapes 
and size of the grains, as well as the impurities and their distribution in the matrix of the 
grains and any segregation to grain boundaries [47]. 
Observations of lead-tin organ pipes by Chiavari et al. [48] reveal the formation of inter-
granular corrosion along the grain or dendrite boundaries, forming cracks and very local 
pustules. When the pipe alloy consists of smaller grains and is more homogeneous due to 
extensive hammering, the corrosion resistance is improved, yet there is a loss of the strength 
of the bulk material [49]. Bigger grains, indeed, promote corrosion along cracks in the bulk 
metal. The same is seen when investigating Roman water pipes [50]. In general, fine-grained 
alloy structures are more easily deformed than corroded. 
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Figure 4. (a) Intergranular corrosion and (b) Copper inclusion in lead matrix. © MDK. 
An interesting example of preferential intergranular attack is seen on lead-antimony alloys 
in the range of 0.5% to about 6% antimony [51]. Furthermore, there exists the interaction in 
pipe organ metals between low solubility impurities such as copper and the lead matrix as 
seen in Figure 4. Impurities along the boundaries locally disrupt the native lead oxide film, 
allowing atmospheric gases easier access to the bulk metal. However, no general tendencies 
are reported. In trying to predict intergranular corrosion, it is important to look at the nature 
of the alloy and any impurities together with impurity distributions (e.g. solid solution or 
segregated) [52]. When in an organic acid environment, for example, tin-alloyed organ pipes 
have a higher corrosion resistance compared to pure lead pipes, which can be attributed to 
the protective behaviour of tin in these media [53]. To conclude, we can state that the mi-
crostructure and composition of lead and its alloys have an important influence on their cor-
rosion behaviour. 
 
2.2.2. Selective leaching corrosion 
Selective leaching corrosion, also called dealloying, is a type of corrosion where one metal 
component is preferentially leached from an alloyed material. The rate of the process de-
pends on the distance between the alloyed metals in the galvanic series. The less noble or 
more active metal is selectively removed from the alloy [54]. After the process, the metal is 
spongy and porous and has lost strength, hardness and ductility. Often this kind of corrosion 
is seen in copper alloyed artefacts where lead is added to enhance castability and machina-
bility properties. The dezincification of brass is a well-known phenomenon in conservation 
studies and can be recognized by a change in colour (yellow to orange) [55]. The addition 
of lead ensures the formation of isolated globules due to its insolubility in the copper-rich 
matrix, and it is the lead metal which will preferentially corrode. The corrosion products are 
often referred to as ‘lead worms’ [56]. Other examples are the extensive selective leaching 
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of lead-antimony alloys, at rates which were not monotonically related to either the acidity 
of the environment or the antimony content [57]. 
 
2.2.3. Pitting corrosion 
Pitting is the least usual form of corrosion. The process can be split into three different time 
frames: pit formation, pit growth and degradation. 
2.2.3.1. Pit formation 
The lead metal readily forms a relatively impenetrable passive layer as described in section 
2.2.1 and shown in Figure 5 (step 1). However, discontinuities in the passive layer expose 
the bulk lead metal to the environment. On the one hand, weak spots in the film can be a 
consequence of the lead metal's microstructure and impurities. Examples are galvanic con-
tacts due to heterogeneous distribution of micro-segregations, selective corrosion or crevice 
corrosion [58]. On the other hand, pits are formed due to local chemical or mechanical dam-
age. In this case, the localized corrosion starts because of coating failure, local condensation 
of moisture, momentary change in concentration, erosion-corrosion, scratches or thermal 
expansion [54]. This step is shown in Figure 5 (step 2). 
 
 
Figure 5. Mechanism of `active' lead corrosion in the proximity of organic acids (based on [26]). 
 
Depending on the nature of the film, a rapid repair of the film at the breakdown site can stop 
the corrosion process before it starts [59]. However, in many cases, the damaging conditions 
persist and a cavity is formed. A reason for this is the formation of soluble and bulky lead 
corrosion products. At this moment, an active pit exists on a completely passivated lead 
metal surface, which allows the formation of a potential gradient. Indeed, the initiation of 
the corrosion process is a result of a change in the local anodic behaviour of the lead material 
[60]. 
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2.2.3.2. Pit growth 
When an opening is formed in the passivated layer (such as a coating or a patina), the pits 
start to form crevices. Typically, these cracks are filled with the surrounding electrolyte 
when they are a few micrometres wide, as shown in Figure 5 (step 3) [61]. However, the 
small dimensions of the fissures prevent circulation of the electrolyte in the surrounding 
environment, which causes the conditions to become more aggressive inside the crevice. 
This more severe environment causes local active lead metal dissolution and tends to accel-
erate the corrosion process [62]. The migration of hydrated acetates (or nitrates) forms an 
acidic environment in crevices formed on the lead substrate, which permits the continuous 
production of lead salts due to the formation bulky porous precipitates. The lead acetates (or 
nitrates) formed dissolve into the aqueous electrolyte and migrate away from the crevice 
[63]. A reaction with CO2 forms white powdery precipitates far from the corrosion pit to-
gether with new acetic acid molecules ensuring a continuous attack of the lead substrate [11]. 
2.2.3.3. Degradation 
The crevices become deeper and inside them the lead metal is slowly eaten away. After a 
long time, depending on the thickness of the material, perforations are observed. These holes 
can have destructive consequences for the object. Some important examples for lead are 
summed up below. 
- Perforations of lead sheets around the base of organ pipes make sure the sound is dis-
torted or vanishes. 
- Degradation of lead artefacts makes it difficult to read ancient inscriptions [64] 
- Lead roofing corrodes in the presence of wood beams, creating leaks [65] 
- Lead sculptures are deformed at places in direct contact with more noble metals and 
sealing products. 
- Localized corrosion produces holes on excavated lead artefacts or lead pipes buried in 
an acidic environment. 
- High nitrate concentrations in drinking water slowly degrade copper-lead solder pipes 
[66] 
- Antique wooden display cases are used to store artefacts and cause pitting and cracking 
issues on lead objects [67] 
 
3. Treatment of lead artefacts 
As established in the previous section, lead metal objects are under constant attack and de-
cay. It is important to note that the treatments used on lead artefacts depend on the aims of 
the conservator. For example, different treatments are needed to improve the readability of 
the surface such as inscriptions, repairing mechanical problems and conserving purposes 
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depending on the environment [5]. In what follows, we focus on the prevention of the dete-
rioration process [68]. To do this, conservators must preserve the artefact’s cultural, histori-
cal and technological identity in the best possible way [69]. Furthermore, conservators must 
consider treatments with minimal intervention, which are preferably reversible and repeata-
ble. Recently, only materials with a non-toxic nature towards both the objects, conservator 
and environment are considered to be used in conservation procedures [70]. Considering all 
these philosophies, two types of conservation are known: preventive and interventive con-
servation. Both will be briefly discussed below. 
 
3.1. Preventive conservation 
The changing indoor environmental conditions determined by factors such as temperature, 
light, humidity and air pollution (also from human beings) are crucial in the research towards 
conservation of lead artefacts [71]. Mainly the seasonal changes and the build-up of pollu-
tants in sealed off showcases have a deteriorating effect on the lead metal collections [24]. 
Trying to limit these degradation phenomena, it is possible to keep the lead artefacts in a 
controlled environment in which all variables can be regulated [72]. Preventive corrosion, 
known as collections care, depends a lot on the museum’s policy and resources. When pos-
sible, climate control equipment is installed in museums [73]. In the following list, several 
possible interventions are summed up, which can be combined. 
- Dehumidification [74] 
- Installation of air conditioning [75] 
- Airflow system using filters (activated carbon filter) [76] 
- Do not use potentially dangerous woods or wood products such as fibreboard and hard-
board [5] 
Out of these, controlling the relative humidity (RH) seems to be the most important as dis-
cussed in a study by Thomson [77]. Indeed, the RH has an influence on the shape of the 
exhibits, the rate of the chemical corrosion reactions and the biological deterioration sources 
[78]. Reducing the RH could already solve a major part of the corrosion problem. Further-
more, some effort is needed to avoid temperature changes and to keep an acceptably low 
exposure level to pollutants [79]. Museum conservators must also consider the fact that the 
ideal environmental conditions differ for the preservation of artefacts and the preservation 
of the building or display case. Also sometimes one artefact is constructed using different 
materials requiring different preventive conditions [80]. A lot of preparations are necessary 
before considering a certain controlled environment. Often, for example, lead artefacts are 
stored in sealed containers or plastic bags [81]. 
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3.2. Interventive conservation 
Treatment methods are often developed using an experimental set up with artificially pre-
pared lead samples. In general, in this case, alloys, impurities, the structure and the presence 
of surface products are not considered [5]. Therefore, applying approved treatments on ‘real’ 
objects must be done with care. For this reason, it is important to know the limits and con-
sequences of the approved treatments or to contact specialists [82]. In what follows, we de-
scribe different possible treatment methods for lead metal samples with their limitations. 
 
3.2.1. Cleaning of lead artefacts 
The first and most frequently used process in the conservation and restoration of lead objects 
is the cleaning process. Cleaning includes tasks like the removal of the dirt and the dissolu-
tion of corrosion crusts [83]. There are, however, different possibilities to clean the lead 
artefact’s surfaces. 
3.2.1.1. Mechanical cleaning 
Often the process of mechanical cleaning is used for the removal of the dirt and corrosion 
products from the surface of the artefact. To remove the top part of the thick crusts, archae-
ological objects must be cleaned mechanically at least in a first step [84]. In the case of lead, 
it is difficult to visually identify the original surface, which means a trained eye is required. 
Furthermore, conservators must be careful using invasive equipment such as scalpels and 
power-driven tools. These tools may smear or scratch the underlying sample due to the soft-
ness of the lead metal [85]. Handling lead artefacts using mechanical cleaning could be haz-
ardous considering that the dust is poisonous. Appropriate safety measures must be used. 
Overall, the mechanical cleaning of lead is considered difficult. 
3.2.1.2. Chemical treatment 
After a first rough cleaning, lead artefacts could be cleaned chemically using acids, alkalis, 
sequestering agents and ion exchange resins to remove the lead corrosion products [86]. In 
what follows, we evaluate one of each agents for lead cleaning. Different acids, such as nitric 
and sulfuric acid were abandoned very early in conservation history due to undesirable re-
sults. Around the 1940’s, an interesting method was developed using dilute hydrochloric 
acid, which does not attack the lead metal, but forms a thin protective PbCl2 crust. After that, 
one needs to immerse the artefact in diluted ammonium acetate, which is the only lead oxide 
dissolving reagent. The procedure is called Caley’s method because he cleaned 56 stable 
objects from the Athens Agora using this method [87]. Furthermore, superficial layers pro-
duced leaves a nice appearance, which does not change for a long period of time. Ideally this 
treatment is used for lightly corroded specimens. In other cases, electrolytic reduction is 
more appropriate [88]. The method also requires careful attention to avoid dissolution of the 
M. De Keersmaecker et al. 
 228
artefact especially using alloys. Another possible electrochemical method, known as Kreft-
ing’s method, is the use of dilute nitric acid by Rathgen [89] or an aqueous caustic soda 
solution by Plenderleith [90] with some metallic zinc powder to dissolve the crust using the 
following reaction [91] 
Zn + 2	NaOH	 ⇆ Na2ZnO2 + H2 
This powder, in the form of granules, provides a homogeneous current distribution along the 
artefact. After washing the artefact with tap water, the artefact looks clean, but often residues 
of metal salts remain on the surface. In the work of Brown [86], an example is mentioned 
where a seal of Pope Paul III was treated using this method. However, the lack of selectivity 
and reaction control makes this method problematic for stabilization purposes. 
A frequently reported method involves the immersion of the lead and lead alloyed artefacts 
in a solution of a sequestering agent [92]. Often a 4-10% aqueous ethylenediamine-
tetraacetic acid (EDTA) disodium salt solution is used, following the procedure developed 
by Kuhn [93]. In a publication of Van den Abeele et al. [94], EDTA was tested on artificially 
corroded metal plates (copper, brass and lead). Working on artefacts, Lane [95] warns us 
that the sequestering agents creep under the crust and start attacking the bare lead. Also, 
when using EDTA, it is recommended to put the sample in a bath of ammonium acetate to 
remove the lead oxides [5]. 
Another example is described by Brown et al. [86] where a lead metal medal was cleaned 
by using hot-distilled water and an ion-exchange resin in the acid form, which has the ad-
vantage of avoiding chemicals and multiple rinsing steps. During the procedure, the resin 
beads absorb Pb2+ ions from the corrosion products while at the same time the CO2 and 
organic acids are boiled off [96]. However, for heavily corroded artefacts this method is 
often less effective. In some cases, conservators have seen damage of the artefacts [97]. 
Looking at all treatments mentioned, most of the chemicals used are corrosive towards lead. 
Therefore, treated lead artefacts must be rinsed thoroughly. However, experience has taught 
us that rinsing is never entirely effective, which means corrosion starts again [98]. 
3.2.1.3. Laser cleaning 
Cleaning lead artefacts using pulsed lasers is a feasible option, despite lead's low melting 
temperature. Indeed, a short pulse duration and a low repetition frequency, or the use of a 
water bath, avoid local heat accumulation. Thick crusts can be easily removed, preserving a 
thin protective patina [99]. Drakaki et al. [100] successfully used this method for the cleaning 
of Roman coins. 
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3.2.2. Stabilization of lead artefacts 
Whereas cleaning processes dissolve the entire corrosion layer, stabilization processes are 
characterized by maintaining the details of the corrosion crust. Stabilization methods are 
often used on artefacts with thick corrosion crusts. 
3.2.2.1. Plasma cleaning 
A plasma treatment converts corrosion products in the crust to metallic lead by using a hy-
drogen plasma following the reaction [101] 
2 PbCO3.Pb(OH)2 + 2 H⋅ 	⇆ 3 Pb + 2 CO2 + 4 H2O 
Depending on the procedure's characteristics, such as the concentration of the gas mixture, 
the pressure and the type of electrical discharge, the treatment's performance changes. The 
limiting factor is that the converted lead obstructs further reduction of underlying layers [5]. 
As a result, the penetration depth of the method is limited to a thickness of 0.1 to 0.2 mm, 
which means this method can only be used for lightly corroded artefacts. Also, in the case 
of lead, the temperature must be kept as low as possible [102]. 
3.2.2.2. Electrolytic treatment 
For the conservation of lead artefacts, two processes are considered, based on reduction re-
actions. (1) The direct reduction of lead corrosion products or (2) the decomposition of water 
to produce H2 bubbles which generate a mechanical action at the metal surface to remove 
crust deposits very effectively. This process can be applied locally or in solution [5]. 
The use of zinc granules in Krefting's method was inconvenient because of the lack of con-
trol over the electrochemical reaction, which inevitably led to the loss of the corrosion crust. 
A possible solution is the use of a power supply to generate the necessary electron flux. Here, 
the metal artefact is immersed in a conductive salt solution (such as sodium carbonate) and 
and connected to the cathode (negative pole) of a power supply with the counter-electrode 
connected to the anode (positive pole). The counter-electrode is often made of stainless steel 
when used in alkalis, lead when used in acidic electrolytes or also platinum. The latter is 
usually recommended due to its inertness in all conditions. However, this set-up uses high 
current densities (around 2-5 A dm-2), to initiate a mechanical stripping of the corrosion crust 
due to H2 bubbling [103]. 
A less invasive treatment was proposed in the 1960s by Lane [104]. In this case, the current 
density is kept low to avoid hydrogen bubbling and to allow the reduction of only the corro-
sion crust. The poor cohesion and adherence of the newly produced lead metal, make it dif-
ficult to consolidate the artefact. Therefore, the use of ion exchange resins in intimate contact 
with the artefact is often recommended. Three electrolyte solutions have been tested, dilute 
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sulfuric acid (2 to 10% H2SO4 v/v), sodium carbonate (5% Na2CO3 w/v) and sodium hy-
droxide (5% NaOH w/v). Each of these solutions has its advantages and disadvantages, as 
discussed in recent literature [105]. 
Later, in the 1990s, a potentiostatic method, based on a three-electrode system, was designed 
to control the potential applied to the artefact [105]. To start, a polarization plot is recorded 
to identify all possible electrochemical processes by identifying peaks in the voltammogram. 
Afterwards, the actual treatment can be executed by applying a constant potential and mon-
itoring the current to check the reaction progress (see Table 3). When using the treatment on 
composite or fragile objects, it is recommended to perform it locally by using an electrolytic 
stainless steel pencil wrapped in cotton, known as an electrolytic pencil [5]. 
 
Table 3. Summary of the presented electrochemical treatments. 
METHOD MATERIALS EFFECTS REF 
Krefting’s method Zn granules + dilute 
HNO3 
mechanical stripping [89,96] 
 Zn granules + NaOH mechanical stripping [90] 
cathodic polariza-
tion 
NaOH mechanical stripping [97,103] 
 H2SO4 mechanical stripping [103,106] 
 Na2CO3 mechanical stripping [107] 
consolidative re-
duction 
dilute H2SO4 reduction of corrosion 
crust 
[108] 
(galvanostatic) Na2CO3 reduction of corrosion 
crust 
[109] 
 NaOH reduction of corrosion 
crust 
[110] 
consolidative re-
duction 
Na2SO4 reduction of corrosion 
crust 
[111] 
(potentiostatic) H2SO4 reduction of corrosion 
crust 
[112] 
 NaHCO3 reduction of corrosion 
crust 
[113] 
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Often, authors of publications about metal cleaning forget to mention the stability of the 
artefacts after treatment. In most cases, however, the treatments are not successful in stop-
ping the corrosion progression. In what follows, we give a short overview of the methods 
used to decrease the surface reactivity after the treatment of lead artefacts. 
3.2.2.3. Fast post-treatments 
Early work by Organ [86] talks about rinsing the artefact in a diluted sulfuric acid solution 
so that a sulphate film is formed. This method does not offer a complete protection but can 
be helpful in certain conditions. Another, more general, method is anodic polarization. It is 
used in different media such as sulfuric acid, sodium sulphate and potassium iodide [114]. 
This technique can also produce lead oxide films. Most of these treatments have been tested 
on laboratory scale, in specific conditions and often on pure metal samples. Therefore, the 
complete harmlessness of the treatments cannot be guaranteed in untried cases. For example, 
treating an artefact, the chances of changing the structure and the surface chemistry are quite 
high. 
 
3.2.3. Preservation 
Lead and its alloys are under constant attack by their surroundings. As proposed, eliminating 
organic vapours, high humidity environments, mechanical disturbances and galvanic-cell 
formations makes it more straightforward to preserve lead artefacts. However, in some situ-
ations this is impossible and we need to protect the artefact using inhibitors or barrier coat-
ings. In the closing sections, we give an overview of the possibilities. 
3.2.3.1. Inhibitors 
Corrosion inhibitors are defined by Gräfen et al. [115] as “substances that reduce or eliminate 
the aggressiveness of a corrosive medium and are either already contained in the corrosive 
medium or are specifically added to it. A distinction is made between electrochemical, chem-
ical, and physical inhibitors.” 
The use of inhibitors for lead is rare due to its resistance to atmospheric corrosion [116]. 
However, organic corrosion inhibitors, that mainly contain nitrogen, sulphur or oxygen at-
oms, can adsorb onto the metal surface to protect the underlying bulk material against cor-
rosion [117]. For example, volatile amines can be used in closed museum humidification 
systems to decrease the corrosion rate of lead metal artefacts, which is probably due to self-
assembly [118]. Several amino acids have also been tested to inhibit lead corrosion. 
However, surfactant inhibitors with a polar hydrophilic head and a non-polar hydrophobic 
tail are often used, because of their many advantages such as high inhibition efficiency, low 
price, low toxicity, and easy production [117]. To illustrate, Sharma et al. [119] used ben-
zotriazole for the protection of ancient and historic leaded bronzes due to the formation of 
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crystalline polymeric Pb-BTA and PbO-BTA complex film [120]. Brunoro et al. [121] sug-
gested that alloys showed a lower inhibition efficiency because of a weaker metal-triazole 
bond. Rocca et al. [122] worked extensively on the ability of sodium monocarboxylates to 
slow down lead corrosion. In this case, the passivation was a consequence of the formation 
of a crystalline metallic soap layer [123]. Other examples are shown in Table 4. These in-
hibitors are often used during the treatments to minimize attack from some reactants. 
 
Table 4. Summary of the presented corrosion inhibitors on lead and lead alloys. 
INHIBITOR EXAMPLE COMPOUNDS REF 
volatile amines diethylaminoethanol (DEAE) [124] 
amino acids alanine, valine, histidine, glutamic acid and 
cysteine 
[125] 
3-amino-5-phenyl-
pyrazole deriva-
tives 
3-amino-5-phylpyrazole (PP) and 5-amino-3-
(4-methylphenyl)pyrazole (PP-CH3) 
[126] 
benzotriazole 
(BTA) 
 [120,127,128] 
carboxylates sodium decanoate and sodium dodecanoate [127,129,130] 
phosphates poly- or orthophosphates [131] 
sodium dodecyl 
sulphate (SDS) 
 [132] 
hydrazine deriva-
tives 
hydrazine (Hy), phenyl hydrazine (PHy), 2,4-
dinitrophenyl hydrazine (2,4-DNPHy), 4-nitro-
benzoyl hydrazine (4-NBHy) and tosyl hydra-
zine (THy) 
[133] 
 
3.2.3.2. Barrier protection 
As an alternative, a coating is applied to lead artefacts to protect them from corrosive envi-
ronmental gasses. In literature (see Table 5), lead metal artefacts are often coated by rubbing 
the sample with a cloth coated with, for example, paraffin wax, microcrystalline waxes or a 
mixture of both, such as Renaissance® Wax (www.renaissancewaxes.com) [134]. Important 
disadvantages of this method are the susceptibility to the accumulation of dust and reversi-
bility problems. Sometimes, acrylic varnishes or polyvinyl resins are also considered for 
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treating lead artefacts [135]. However, when these treated artefacts are kept in very humid 
environments, it is very likely the coating will decompose to form acetic acid [136]. Another 
example is coating with linseed oil to form a varnish like layer, which allows normal pati-
nation on lead roof surfaces or outdoor statues [137]. 
These examples show it is important to consider the conditions and the corresponding cor-
rosion mechanisms to which the sample will be exposed after treatment. Next to the material 
choice, however, other important factors are needed to provide definitive conclusions about 
the coating's degree of protection [5]. These include the application method, number of coats, 
the aging and decomposition properties, the composition of the artefact and the thickness of 
the coating. In addition, laboratory experiments conducted using accelerated corrosion or 
electrochemical tests on clean or coated lead samples do not always agree with results on 
artefacts, even if they are placed in the same environment. Moreover, coatings which show 
no corrosion to the naked eye, can allow localized attacks, which indicates that the coating 
is susceptible to long-term corrosion [82]. Evidently, it is difficult to produce a coating which 
can prevent lead corrosion in atmospheres with organic acid vapour traces. At this moment, 
several research groups are still working on a solution for this problem. 
 
Table 5. Summary of coatings on lead and lead alloys. 
COATING 
MATERIAL 
SPECIFICATION REF 
natural wax beeswax, carnauba [134] 
simple waxes polyethylene wax, paraffin wax [87] 
microcrystalline wax Cosmolloid 80H [138] 
mixture of paraffin and 
microcrystalline wax 
Renaissance® wax [134,139,140] 
acrylic varnish Paraloid B-72 [135,138] 
polyvinyl resin Butvar B-98 [135] 
oil coating linseed oil [141] 
hydrophobic silicon  [110] 
carboxylates sodium decanoate and sodium undecano-
ate 
[142] 
dicarboxylates hydrogenated dimer acid [143] 
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carboxylate polymer hydrophobic acrylate-based polymers 
with built-in carboxylic acid groups 
[144] 
 
3.2.3.3. Restoration 
Polyvinyl acetate was once used as a glue for repairing lead artefacts. However, this kind of 
adhesive was abandoned because of its emission of organic acid vapours [136]. Moreover, 
sometimes epoxy resins are used as an embedding or restoring material [110]. 
 
4. Ethical challenges in conservation 
As in other fields of conservation and restoration, the work of the metal conservators is 
guided by ethical standards. Over the years, a set of universal intervention guidelines has 
been (inter)nationally established and written down in different codes. All these documents 
are based on the fact that “the conservation process is governed by absolute respect for the 
aesthetic, historic, and physical integrity of the work, and requires a high sense of moral 
responsibility” [145]. Amongst these are the Code of Ethics and Guidelines for Practice of 
the American Institute for Conservation [146] and the professional guidelines from the Eu-
ropean Confederation of Conservator-restorers' Organizations [147]. 
Specifically, in the case of metal conservation, the main concern is the destruction of valua-
ble scientific data using specific treatments. At first sight, the patina of metallic historical 
objects simulates the long-lost state of artefacts. However, for technical and architectural 
reasons it is occasionally necessary to remove the object's patina thereby changing its ap-
pearance, allowing misjudgements to occur. Indeed, because of these treatments museum 
visitors or even professionals have often problems to distinguish between fakes, originals, 
copies or forgeries [148]. 
When possible, endangered and damaged historical objects must be preserved. However, a 
general agreement states that ”one must intervene as little as possible and avoid any struc-
tural and decorative falsification” [149]. To decide which treatments should be used on val-
uable artefacts, it is generally accepted that one should seek opinions from a broad range of 
experts including archaeologists, art historians, historians, scientists and conservators [150]. 
 
5. Acknowledgments 
The Research Foundation - Flanders (FWO) and Ghent University are acknowledged for 
funding this work. 
 
How to Preserve Lead Artefacts for Future Generations 
 235 
6. References 
[1] B. Predel, Pb-Pt (Lead - Platinum), in: Ni-Np - Pt-Zr, Springer, 1998, 1–4. 
[2] R. Prengaman, Lead Alloys, Wiley, 2000. 
[3] H. Baker, ASM International, Properties and Selection: Nonferrous Alloys and 
Special-purpose Materials, ASM International, 1990. 
[4] B. Sivasankar, Engineering Chemistry, McGraw-Hill Book Company, 2008. 
[5] V. Costa, F. Urban, Lead and Its Alloys: Metallurgy, Deterioration and Conservation, 
Rev. Conserv., 2005, 6, 48–62. 
[6] P. Storme, M. Jacobs, E. Lieten, Research on Corrosion of Lead Printing Letters 
from the Museum Plantin-Moretus, Antwerp, Proc. Chem., 2013, 8, 307–316. 
[7] G. Joseph, K. Kundig, Copper: Its Trade, Manufacture, Use, and Environmental 
Status, ASM International, 1998. 
[8] IUPAC, Compendium of Chemical Terminology (the “Gold Book”), 2nd ed., 
Blackwell Scientific Publications, 2014. 
[9] W. Vernon, Second Experimental Report to The Atmospheric Corrosion Research 
Committee (British Non-ferrous Metals Research Association), Trans. Faraday Soc., 
1927, 23, 113–183. 
[10] N. LeBozec, M. Jönsson, D. Thierry, Atmospheric Corrosion of Magnesium Alloys: 
Influence of Temperature, Relative Humidity, and Chloride Deposition, Corros., 
2004, 60, 356–361. 
[11] A. Niklasson, Atmospheric Corrosion of Historic Lead Organ Pipes, Chalmers 
University of Technology, 2007. 
[12] T. Graedel, Chemical Mechanisms for the Atmospheric Corrosion of Lead, J. 
Electrochem. Soc., 1994, 141, 922–927. 
[13] ASTM International, Corrosion Tests and Standards, 2005. 
[14] R. Walker, A. Hildred, Manufacture and Corrosion of Lead Shot from the Flagship 
Mary Rose, Stud. Conserv., 2000, 45, 217–225. 
[15] B. Shaw, R. Kelly, What is Corrosion?, Electrochem. Soc. Interf., 2006, 15, 24–26. 
[16] B. Schotte, A Study of the Electrolytic Reduction of Corroded Lead Objects and the 
Application, Characterisation and Testing of a Protective Lead Carboxylate Coating, 
Ghent University, Belgium, 2007. 
[17] E. Abd El Aal, S. Abd El Wanees, A. Abd El Aal, Autocatalytic Dissolution of Pb in 
HNO3, J. Mater. Sci., 1992, 27, 365–373. 
[18] M. Megahed, Electrochemical Study of (Lead Bronze) Alloy in 3.5% NaCl Solution 
and Testing Two Protective Coatings, Applied on Some Selected Archaeological 
Objects, in: A. Ferrari (Ed.), Proc. 4th International Congress on Science and 
Technology for the Safeguard of Cultural Heritage in the Mediterranean Basin, 
Institute of Chemical Methodologies, 2009, 3–12. 
M. De Keersmaecker et al. 
 236
[19] S. Blackshaw, V. Daniels, The Testing of Materials for Use in Storage and Display 
in Museums, Conserv., 1979, 3, 16–19. 
[20] S. Blackshaw, V. Daniels, Selecting Safe Materials for Use in the Display and 
Storage of Antiquities, in: ICOM Conserv. Comm. Conf. 5th Trienn. Meet., 1978, 1–
9. 
[21] S. Clarke, E. Longhurst, The Corrosion of Metals by Acid Vapors from Wood, J. 
Appl. Chem., 1961, 11, 435–443. 
[22] P. Arni, G. Cochrane, J. Gray, The Emission of Corrosive Vapours by Wood. I. 
Survey of the Acid-release Properties of Certain Freshly Felled Hardwoods and 
Softwoods, J. Appl. Chem., 1965, 15, 305–313. 
[23] J. Almeida, T. Modig, A. Petersson, B. Hähn-Hägerdal, G. Lidén, M. Gorwa-
Grauslund, Increased Tolerance and Conversion of Inhibitors in Lignocellulosic 
Hydrolysates by Saccharomyces Cerevisiae, J. Chem. Technol. Biotechnol., 2007, 
82, 340–349. 
[24] C. Miles, Wood Coatings for Display and Storage Cases, Stud. Conserv., 1986, 31, 
114–124. 
[25] J. Seidel, The Organ and its Construction, Ewer, 1852. 
[26] A. Niklasson, L. Johansson, J. Svensson, J. Svenson, Influence of Acetic Acid Vapor 
on the Atmospheric Corrosion of Lead, J. Electrochem. Soc., 2005, 152, B519–B525. 
[27] E. Rocca, C. Rapin, F. Mirambet, Inhibition Treatment of The Corrosion of Lead 
Artefacts in Atmospheric Conditions and by Acetic Acid Vapor: Use of Sodium 
Decanoate, Corros. Sci., 2004, 46, 653–665. 
[28] A. Niklasson, L. Johansson, J. Svensson, Atmospheric Corrosion of Historical Organ 
Pipes: Influence of Acetic and Formic Acid Vapor and Water Leaching on Lead, in: 
Metal 04: Proc. International Conference on Metals Conservation, National Museum 
of Australia Canberra, 2004, 273–280. 
[29] T. Clarke, Music and Chemistry: Organ Failure, Nature, 2004, 427, 8–9. 
[30] C. Bergsten, J. Speerstra, A. Åslund, European Commision, University of 
Gothenburg, Göteborg Organ Art Center, The Collapse Project: Corrosion of Organ 
Pipes - Causes and Recommendations, University of Gothenburg, Göteborg Organ 
Art Center, Luxembourg, 2011. 
[31] C. Chiavari, C. Martini, D. Prandstraller, A. Niklasson, J. Svensson, A. Aslund, C. 
Bergsten, L. Johansson, J. Svensson, A. Åslund, C. Bergsten, A. Aslund, C. 
Bergsten, Atmospheric Corrosion of Historical Organ Pipes: The Influence of 
Environment and Materials, Corros. Sci., 2008, 50, 2444–2455. 
[32] L. Selwyn, D. Rennie-Bisaillion, N. Binnie, Metal Corrosion Rates in Aqueous 
Treatments for Waterlogged Wood-Metal Composites, Stud. Conserv., 1993, 38, 
180–197. 
How to Preserve Lead Artefacts for Future Generations 
 237 
[33] Y. Lu, N. Mosier, Kinetic Modeling Analysis of Maleic Acid-catalyzed 
Hemicellulose Hydrolysis in Corn Stover, Biotechnol. Bioeng., 2008, 101, 1170–
1181. 
[34] L. Bratasz, R. Kozlowski, D. Camuffo, E. Pagan, Impact of Indoor Heating on 
Painted Wood: Monitoring the Mediaeval Altar in the Church of Santa Maria 
Maddalena in Rocca Pietore, Italy, Stud. Conserv., 2007, 52, 199–210. 
[35] V. Kontozova-Deutsch, Characterization of Indoor Gaseous and Particulate 
Pollutants for Conservation in Museums and Churches, University of Antwerp, 2007. 
[36] T. Oikawa, T. Matsui, Y. Matsuda, T. Takayama, H. Niinuma, Y. Nishida, K. Hoshi, 
M. Yatagui, Volatile Organic Compounds from Wood and Their Influences on 
Museum Artefact Materials I. Differences in Wood Species and Analyses of Causal 
substances of deterioration, J. Wood Sci., 2005, 51, 363–369. 
[37] A. Werner, Conservation and Display (I) Environmental Control, Museums J., 1972, 
72, 58–62. 
[38] W. Oddy, An Unsuspected Danger in Display, Museums J., 1973, 73, 27–28. 
[39] E. Galili, B. Rosen, J. Sharvit, Artefact Assemblages from Two Roman Shipwrecks 
off the Carmel Coast, ’Atiqot, 2010, 63, 61–110. 
[40] L.T. Gibson, C.M. Watt, Acetic and Formic Acids Emitted from Wood Samples and 
Their Effect on Selected Materials in Museum Environments, Corros. Sci., 2010, 52, 
172–178. 
[41] M. Ryhl-Svendsen, Corrosivity Measurements of Indoor Museum Environments 
using Lead Coupons as Dosimeters, J. Cult. Herit., 2008, 9, 285–293. 
[42] D. Thickett, L. Lee, Selection of Materials for the Storage or Display of Museum 
Objects, British Museum Press, 2004. 
[43] K. Keune, Binding Medium, Pigments and Metal Soaps Characterized and Localized 
in Paint Cross-sections, Swammerdam Institute for Life Sciences, 2005. 
[44] Inter-Service Metallurgical Research Council, V. Rance, H. Cole, Corrosion of 
Metals by Vapors from Organic Materials: A Survey, H.M. Stationery Office, 1958. 
[45] H. Fecht, Intrinsic Instability and Entropy Stabilization of Grain Boundaries, Phys. 
Rev. Lett., 1990, 65, 610–613. 
[46] B. Syrett, A. Acharya, Corrosion and Degradation of Implant Materials, ASTM, 
1979. 
[47] W. Rostoker, J. Dvorak, Interpretation of Metallographic Structures, Elsevier, 2012. 
[48] C. Chiavari, C. Martini, Deterioration of Tin-rich Organ Pipes, J. Mater. Sci., 2006, 
41, 1819–1826. 
[49] L. Shreir, G. Burstein, R. Jarman, Corrosion, Butterworth-Heinemann, 1994. 
[50] R. Tylecote, The Behavior of Lead as Corrosion Resistant Medium Undersea and in 
Soils, J. Archaeol. Sci., 1983, 10, 397–409. 
M. De Keersmaecker et al. 
 238
[51] J. Burbank, A. Simon, The Relation of the Anodic Corrosion of Lead and Lead-
antimony Alloys to Microstructure, J. Electrochem. Soc., 1953, 100, 11–14. 
[52] T. Hirasawa, K. Sasaki, M. Taguchi, H. Kaneko, Electrochemical Characteristics of 
Pb-Sb Alloys in Sulphuric Acid Solutions, J. Power Sources, 2000, 85, 44–48. 
[53] C. Oertel, P. Baker, A. Niklasson, L. Johansson, J. Svenson, Acetic Acid Vapor 
Corrosion of Lead-tin Alloys Containing 3.4 and 15% Tin, J. Electrochem. Soc., 
2009, 156, C414–C421. 
[54] S. Bradford, Corrosion Control, Springer, 2012. 
[55] K. Zohdy, M. Sadawy, M. Ghanem, Corrosion Behavior of Leaded-bronze Alloys in 
Sea Water, Mater. Chem. Phys., 2014, 147, 878–883. 
[56] K. Trentelman, L. Stodulski, R. Lints, C. Kim, A Comparative Study of the 
Composition and Corrosion of Branches from Eastern Han Dynasty Money Trees, 
Stud. Conserv., 1999, 44, 170–183. 
[57] A. Allah, S. Salih, H. Elrahman, M. Elgalil, Effect of Alloying with Antimony on the 
Dissolution Behavior of Lead in H2SO4 Solution - Further Investigation, B. Soc. 
Chim. Fr., 1991, 5, 635–640. 
[58] C. Degrigny, Étude des Processus de Corrosion Développés sur des Poids en Plomb 
du musée du CNAM de Paris: Proposition d’un Méchanisme de Corrosion, 1995. 
[59] N. Sato, Basics of Corrosion Chemistry, in: S. Sharma (Ed.), Green Corrosion 
Chemistry and Engineering: Opportunities and Challenges, 1st ed., Wiley, 2012, 1–
32. 
[60] F. Wall, M. Martinez, C. Johnson, J. Barbour, N. Missert, R. Copeland, Sandia 
National Laboraties, Does Anything Pin the Pitting Behavior of Aluminum?, in: R. 
Buchheit (Ed.), Proc. International Symposium on Corrosion and Protection of Light 
Metal Alloys, The Electrochemical Society, 2004, 1–11. 
[61] S. Tsujikawa, Y. Sono, Y. Hisamatsu, Corrosion Chemistry within Pits, National 
Physical Laboratory, 1987. 
[62] P. Marcus, Corrosion Mechanisms in Theory and Practice, CRC Press, 2011. 
[63] A. Paterakis, The Formation of Acetate Corrosion on Bronze Antiquities: 
Characterisation and Conservation, University College London, 2010. 
[64] D. Scott, Ancient Metals: Microstructure and Metallurgy, Conservation Science 
Press, 2010. 
[65] P. Donovan, J. Stringer, Corrosion of Metals and Their Protection in Atmospheres 
Containing Organic Acid Vapors, Br. Corr. J., 1971, 6, 132–138. 
[66] C. Nguyen, K. Stone, M. Edwards, Nitrate Accelerated Corrosion of Lead Solder in 
Potable Water Systems, Corros. Sci., 2011, 53, 1044–1049. 
[67] R. Grayburn, M. Dowsett, M. De Keersmaecker, E. Westenbrink, J. Covington, J. 
Crawford, M. Hand, D. Walker, P. Thomas, D. Banerjee, A. Adriaens, Time-lapse 
How to Preserve Lead Artefacts for Future Generations 
 239 
synchrotron X-ray diffraction to monitor conservation coatings for heritage lead in 
atmospheres polluted with oak-emitted volatile organic compounds, Corros. Sci., 
2014, 82, 280–289. 
[68] D. Watkinson, Conserving Cultural Material: Ethical Challenges for the Conservator, 
2014. 
[69] S. Ogden, Understanding, Respect, and Collaboration in Cultural Heritage 
Preservation: A Conservator’s Developing Perspective, Libr. Trends, 2007, 56, 275–
287. 
[70] B. Rodgers, The Archaeologist’s Manual for Conservation: A Guide to Non-toxic, 
Minimal Intervention Artefact Stabilization, Springer, 2004. 
[71] K. Gysels, F. Delalieux, F. Deutsch, R. Van Grieken, D. Camuffo, A. Bernardi, G. 
Sturaro, H. Busse, M. Wieser, Indoor Environment and Conservation in the Royal 
Museum of Fine Arts, Antwerp, Belgium, J. Cult. Herit., 2004, 5, 221–230. 
[72] F. Ascione, L. Bellia, A. Capozzoli, F. Minichiello, Energy Saving Strategies in Air-
conditioning for Museums, Appl. Therm. Eng., 2009, 29, 676–686. 
[73] M. Svendsen, L. Jensen, P. Larsen, B. Bøhm, Ultra Low Energy Museum Storage, 
2011. 
[74] W. Boustead, Dehumidification in Museum Storage Areas, Stud. Conserv., 1967, 12, 
103–107. 
[75] M. Hisham, D. Grosjean, Air Pollution in Southern California Museums: Indoor and 
Outdoor Levels of Nitrogen Dioxide, Peroxyacetyl Nitrate, Nitric Acid, and 
Chlorinated Hydrocarbons, Environ. Sci. Technol., 1991, 25, 857–862. 
[76] The Getty Conservation Institute, Airborne Particles in Museums, Getty 
Publications, 1993. 
[77] G. Thomson, The Museum Environment, Elsevier, 2013. 
[78] G. Pavlogeorgatos, Environmental Parameters in Museums, Build. Environ., 2003, 
38, 1457–1462. 
[79] J. Tétreault, J. Sirois, E. Stamatopoulou, Studies of Lead Corrosion in Acetic Acid 
Environments, Stud. Conserv., 1998, 43, 17–32. 
[80] B. Rodgers, Archaeological Composites, in: The Archaeologist’s Manual for 
Conservation: A Guide to Non-Toxic, Minimal Intervention Artefact Stabilization, 
Springer, 2007, 187–200. 
[81] P. Mattias, G. Maura, G. Rinaldi, The Degradation of Lead Antiquities from Italy, 
Stud. Conserv., 1984, 29, 87–92. 
[82] P. Dillman, D. Watkinson, E. Angelini, A. Adriaens, Introduction: Conservation 
versus Laboratory Investigation in the Preservation of Metallic Heritage Artefact, in: 
Corrosion and Conservation of Cultural Heritage Artefacts, 2013, 1–5. 
[83] C. Ewen, Artefacts, Altamira Press, 2003. 
M. De Keersmaecker et al. 
 240
[84] P. Cridlebaugh, Formulating Ethics and Standards in Archaeology, Chicora 
Foundation, 1990. 
[85] J. Cronyn, Elements of Archaeological Conservation, Routledge, 2003. 
[86] National Bureau of Standards, Corrosion and Metal Artefacts: A Dialogue between 
Conservators and Archaeologists and Corrosion Scientists, National Bureau of 
Standards, 1977. 
[87] E. Caley, Coatings and Incrustations on Lead Objects from the Agora and the 
Method Used for Their Removal, Stud. Conserv., 1955, 2, 49–54. 
[88] R. Williamson, P. Nickens, Science and Technology in Historic Preservation, 
Springer, 2000. 
[89] F. Rathgen, G. Auden, H. Auden, The Preservation of Antiquities, Cambridge 
University Press, 1905. 
[90] H. Plenderleith, Plomb, Etain et Alliages, in: La Conservation Des Antiquités et 
Oeuvres D’art, Éditions Eyrolles, 1966, 278–290. 
[91] D. Scott, The Getty Conservation Institute, Copper and Bronze in Art: Corrosion, 
Colorants and Conservation, Getty Publications, 2002. 
[92] J. Watson, Conservation of Lead and Lead Alloys Using EDTA Solutions, in: S. 
Pollard, G. Miles (Eds.), Lead and Tin: Studies in Conservation and Technology, 
United Kingdom Institute for Conservation, 1985, 44–45. 
[93] H. Kuhn, Neue Reinigungsmethode für korrodierte Bleigegenstande, 
Museumskunde, 1960, 29, 156–161. 
[94] W. Van den Abeele, V. Bakker, M. Van Bellegem, I. de Groot, De Reiniging en 
Bescherming van Metalen: Onderzoek van Verschillende Chemische 
Reinigingsmethoden voor Koper, Messing en Lood, Interdisciplinair Vakblad Voor 
Conservering en Restauratie, 2002, 3, 25–33. 
[95] H. Lane, The Reduction of Lead, in: Conservation in Archaeology and the Applied 
Arts, International Institute for Conservation, 1975, 215–217. 
[96] R. Organ, Use of Ion-exchange Resin in the Treatment of Lead Objects, Museums J., 
1953, 53, 49–52. 
[97] N. Harinarayana, Some Observations on the Treatment of a Hoard of Lead Coins 
from Andipatti, Archaeol. Stud., 1977, 2, 65–70. 
[98] R. Bertholon, C. Relier, La conservation des métaux archéologiques, in: La 
Conservation En Archéologie, Masson, Paris, 1990, 163–270. 
[99] R. Pini, S. Siano, R. Salimbeni, M. Pasquinucci, M. Miccio, Tests of Laser Cleaning 
on Archeological Metal Artefacts, J. Cult. Herit., 2000, 1, S129–S137. 
[100] E. Drakaki, A. Karydas, B. Klinkenberg, M. Kokkoris, Serafetinides, E. Stavrou, R. 
Vlastou, C. Zarkadas, Laser Cleaning on Roman Coins, Appl. Phys. A, 2004, 79, 
1111–1115. 
How to Preserve Lead Artefacts for Future Generations 
 241 
[101] V. Daniels, L. Holland, M. Pascoe, Gas Plasma Reactions for the Conservation of 
Antiquities, Stud. Conserv., 1979, 24, 85–92. 
[102] B. Gottlieb, C. Gottlieb, A. Sjörgen, T. Jakobsen, A New Method for Cleaning and 
Conservation of Lead Objects Using Hydrogen and Oxygen Plasma, in: J. Bridgland 
(Ed.), ICOM Committee for Conservation 10th Triennial Meeting, International 
Council of Museums Committee for Conservation, 1993, 767–771. 
[103] A. Doménech-Carbó, Electrochemistry in Treatment and Conservation of Metal 
Artefacts, in: Electrochemical Methods in Archaeometry, Conservation and 
Restoration, Springer, 2009, 135–140. 
[104] H. Lane, Consolidative Reduction of Lead, in: Recent Advances in Conservation, 
UK Institute for Conservation, 1967, 1–3. 
[105] C. Degrigny, R. Le Gall, Conservation of Ancient Lead Artefacts Corroded in 
Organic Acid Environments: Electrolytic Stabilization/Consolidation, Stud. 
Conserv., 1999, 44, 157–169. 
[106] T. Skinner, The Treatment of Lead Objects from a Marine Site, in: T. Bryce, J. Tate 
(Eds.), The Laboratories of the National Museum of Antiquities of Scotland, 
National Museum of Antiquities of Edinburgh, 1980, 46–50. 
[107] H. Lane, Some Comparisons of Lead Conservation Methods, Including 
Consolidative Reduction, in: Proc. Symposium on the Conservation and Restoration 
of Metals, Scottish Society for Conservation and Restoration, 1980, 48–58. 
[108] H. Guida, M. Marabelli, I. Reindell, Restoration and Storage of Lead Artefacts, 
Restaurator, 1980, 4, 227–237. 
[109] L. Green, J. Márta, A Re-evaluation of Lead Conservation Techniques at the British 
Museum, in: Conservation of Metals: Problems in the Treatment of Metal-Organic 
and Metal-Inorganic Composite Objects: International Restorer Seminar, 1989, 121–
130. 
[110] E. Nosek, The Investigation and Conservation of a Lead Paten from the 11th 
Century, Stud. Conserv., 1985, 30, 19–22. 
[111] B. Schotte, A. Adriaens, F. Dhooghe, D. Depla, M. Dierick, M. Dowsett, E. 
Lehmann, P. Vontobel, Chemical and Morphological Changes of Historical Lead 
Objects as a Result of the Use of Electrolytic Reduction as a Stabilization Treatment, 
Anal. Chem., 2006, 78, 8319–8323. 
[112] A. Carradice, S. Campbell, The Conservation of Lead Communion Tokens by 
Potentiostatic Reduction, Stud. Conserv., 1994, 39, 100–106. 
[113] E. Rocca, C. Rapin, F. Mirambet, Inhibition Treatment of the Corrosion of Lead 
Artefacts in Atmospheric Conditions and by Acetic Acid Vapor: Use of Sodium 
Decanoate, Corros. Sci., 2004, 46, 653–665. 
[114] T. Stambolov, The Corrosion and Conservation of Metallic Antiquities and Works of 
M. De Keersmaecker et al. 
 242
Art, C.L. Publication, 1985. 
[115] H. Gräfen, E. Horn, H. Schlecker, H. Schindler, Corrosion, Wiley, 2005. 
[116] E. Cano, D. Lafuente, Corrosion Inhibitors for the Preservation of Metallic Heritage 
Artefacts, in: P. Dillman, A. Adriaens, E. Angelini, D. Watkinson (Eds.), Corrosion 
and Conservation of Cultural Heritage Artefacts, Woodheat Publishing, 2013, 570–
594. 
[117] M. Malik, M. Hashim, F. Nai, S. Al-Thabaiti, Z. Khan, F. Nabi, S. Al-Thabaiti, Z. 
Khan, Anti-corrosion Ability of Surfactants: A Review, Int. J. Electrochem. Sci., 
2011, 6, 1927–1948. 
[118] I. Gallardo, J. Pinson, N. Vilà, Spontaneous Attachment of Amines to Carbon and 
Metallic Surfaces, J. Phys. Chem. B, 2006, 110, 19521–19529. 
[119] V. Sharma, U. Shankar Lal, T. Singh, Method for Stabilization of Leaded Bronzes 
Affected by Corrosion of Lead, Stud. Conserv., 2003, 48, 203–209. 
[120] K. Rahmouni, H. Takenouti, N. Hajjaji, A. Srhiri, L. Robbiola, Protection of Ancient 
and Historic Bronzes by Triazole Derivatives, Electrochim. Acta, 2009, 54, 5206–
5215. 
[121] G. Brunoro, A. Frignani, A. Colledan, C. Chiavari, Organic Films for Protection of 
Copper and Bronze Against Acid Rain Corrosion, Corros. Sci., 2003, 45, 2219–2231. 
[122] E. Rocca, J. Steinmetz, Inhibition of Lead Corrosion with Saturated Linear Aliphatic 
Chain Monocarboxylates of Sodium, Corros. Sci., 2001, 43, 891–902. 
[123] F. Lacoutre, M. François, C. Didierjean, J. Rivera, E. Rocca, J. Steinmetz, 
Anhydrous Pb(II) Heptanoate, Acta Crystallogr. C, 2001, 57, 530–531. 
[124] P. Volent, N. Baer, Volatile Amines Used as Corrosion Inhibitors in Museum 
Humidification Systems, Int. J. Museum Manag. Curat., 1985, 4, 359–364. 
[125] N. Helal, M. El-Rabiee, A. Abd El-Hafez, W. Badawy, Environmentally Safe 
Corrosion Inhibition of Pb in Aqueous Solutions, J. Alloys Compd., 2008, 456, 372–
378. 
[126] W. Badawy, M. Hefny, S. El-Egamy, Effect of Some Organic Amines as Corrosion 
Inhibitors for Lead in 0.3 M HCl Solution, Corros., 1990, 46, 978–982. 
[127] E. Rocca, Corrosion Inhibitors for Metallic Artefacts: Temporary Protection, in: 
Corrosion of Metallic Heritage Artefacts: Investigation, Conservation and Prediction 
of Long Term Behavior, 2014, 308–335. 
[128] A. Galtayries, A. Mongiatti, P. Marcus, C. Chiavari, Surface Characterization of 
Corrosion Inhibitors on Bronzes for Artistic Casting, in: P. Dillman, G. Béranger, P. 
Piccardo, H. Matthiessen (Eds.), Corrosion of Metallic Heritage Artefacts: 
Investigation, Conservation and Prediction of Long Term Behavior, Woodhead 
Publishing, 2014, 335–352. 
[129] E. Rocca, F. Mirambet, The Electrochemical Techniques for the Diagnosis and 
How to Preserve Lead Artefacts for Future Generations 
 243 
Restoration Treatments of Technical and Industrial Heritage: Three Examples of 
Metallic Artefacts, J. Solid State Electrochem., 2010, 14, 415–423. 
[130] M. De Keersmaecker, K. Verbeken, A. Adriaens, Lead Dodecanoate Coatings for the 
Protection of Lead and Lead-tin Alloy Artefacts: Two Examples, Appl. Surf. Sci., 
2014, 292, 149–160. 
[131] B. Boffardi, Minimization of Lead Corrosion in Drinking Water, Mater. 
Performance, 1990, 29, 45–49. 
[132] A. Tizpar, Z. Ghasemi, The Corrosion Inhibition and Gas Evolution Studies of Some 
Surfactants and Citric Acid on Lead Alloy in 12.5 M H2SO4 Solution, Appl. Surf. 
Sci., 2006, 252, 8630–8634. 
[133] S. Sankarapapavinasam, M. Ahmed, Tosylhydrazine as Protector for Lead in Acetic 
Acid Vapor, J. Electrochem. Soc. of India, 1990, 39, 255–256. 
[134] D. Heath, G. Martin, The Corrosion of Lead and Lead-tin Alloys Occurring on 
Japanese Lacquer Objects, Stud. Conserv., 1988, 33, 137–141. 
[135] M. Davis, F. Hunter, A. Livingstone, The Corrosion, Conservation and Analysis of a 
Lead Can Cannel Coal Necklace from the Early Bronze Age, Stud. Conserv., 1995, 
40, 257–264. 
[136] C. Pearson, Conservation of Marine Archaeological Objects, Butterworth-
Heinemann, 1987. 
[137] B. Bordass, Underside Corrosion of Lead Roofs and its Prevention, EHRT, 1998, 1, 
21–71. 
[138] E. Cano, D. Lafuente, D. Bastidas, Use of EIS for the Evaluation of the Protective 
Properties of Coatings for Metallic Cultural Heritage: A Review, J. Solid State 
Electrochem., 2010, 14, 381–391. 
[139] V. Horie, Materials for Conservation: Organic Consolidants, Adhesives and 
Coatings, 2nd ed., Butterworth-Heinemann, 2010. 
[140] V. Flexer, R. Grayburn, M. De Keersmaecker, E. Mohammed, M.G. Dowsett, A. 
Adriaens, A New Strategy for Corrosion Inhibition Coatings for Lead Heritage Metal 
Objects, Electrochim. Acta, 2015, 179, 441–451. 
[141] D. Hallam, D. Thurrowgood, V. Otieno-Alego, D. Creagh, An EIS Method for 
Assessing Thin Oil Films Used in Museums, in: Proc. International Conference on 
Metal Conservation, 2004, 379–387. 
[142] C. Chiavari, C. Martini, G. Poli, D. Prandstraller, Conservation of Organ Pipes: 
Protective Treatments of Lead Exposed to Acetic Acid Vapors, in: J. Ashton, D. 
Hallam (Eds.), Metal 04: Proceedings of the International Conference on Metals 
Conservation, National Museum of Australia, 2004, 281–293. 
[143] M. De Keersmaecker, O. van den Berg, K. Verbeken, D. Depla, A. Adriaens, 
Hydrogenated Dimer Acid as a Corrosion Inhibitor for Lead Metal Substrates in 
M. De Keersmaecker et al. 
 244
Acetic Acid, 2015, 162, C167–C179. 
[144] M. De Keersmaecker, T. Hauffman, O. van den Berg, S. Vandewalle, T. Muselle, K. 
Verbeken, A. Hubin, F. Du Prez, A. Adriaens, Acrylate-based Coatings to Protect 
Lead Substrates, Electrochim. Acta, 2017, 229, 8–21. 
[145] F. Matero, Ethics and Policy in Conservation, Getty Conservation Institute 
Newsletter, 2000, 15, 5–8. 
[146] American Institute for Conservation, AIC Code of Ethics and Guidelines for 
Practice, 1994. 
[147] European Confederation of Conservator-Restorers’ Organizations, Practical 
Guidelines, 2002. 
[148] J. Ashley-Smith, The Ethics of Conservation, The Conservator, 1982, 6, 1–5. 
[149] J. Ashman, Ethics in Conservation, J. Soc. Arch., 1993, 14, 15–24. 
[150] D. Scott, J. Podany, B. Considine, eds., Ancient and Historic Metals: Conservation 
and Scientific Research, in: Proc. of a Symposium Organized by the J. Paul Getty 
Museum and the Getty Conservation Institute, Getty Publications, 2007, 72. 
 
